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SUMMARY
Hair follicle stem cells (HFSCs) and their transit
amplifying cell (TAC) progeny sense BMPs at defined
stages of the hair cycle to control their proliferation
and differentiation. Here, we exploit the distinct
spatial and temporal localizations of these cells to
selectively ablate BMP signaling in each compart-
ment and examine its functional role. We find that
BMP signaling is required for HFSC quiescence and
to promote TAC differentiation along different line-
ages as the hair cycle progresses. We also combine
in vivo genome-wide chromatin immunoprecipitation
and deep-sequencing, transcriptional profiling, and
loss-of-function genetics to define BMP-regulated
genes. We show that some pSMAD1/5 targets, like
Gata3, function specifically in TAC lineage-progres-
sion. Others, like Id1 and Id3, function in both HFSCs
and TACs, but in distinct ways. Our study therefore
illustrates the complex differential roles that a key
signaling pathway can play in regulation of closely
related stem/progenitor cells within the context of
their overall niche.
INTRODUCTION
To maintain tissue homeostasis and regeneration, self-renewal
and differentiation of stem cells (SCs) must be balanced. The
cycling behavior of hair follicle SCs (HFSCs) and their subse-
quent generation of differentiating progenitor cells offer a unique
opportunity to study these processes. HFSCs reside in a two-
tiered niche referred to as the bulge and its associated hair
germ (HG) just beneath it. During homeostasis, the lower HF
below the bulge cycles through bouts of active hair growth (ana-
gen), destruction (catagen), and rest (telogen) (Paus and Cotsar-
elis, 1999). Telogen can last weeks, and throughout this time,
HFSCs are quiescent. However, quiescent HFSCs in the HG
are in contact with an underlying dermal papilla (DP) stimulus.
Continuous crosstalk leads to a build-up of BMP inhibitory
signals and WNT activating signals until the thresholds become
sufficient to stimulate a new round of hair growth (Greco et al.,
2009).
HG cells begin to proliferate and form a pool of unspecified,
short-lived transit amplifying progenitors (TACs), which express
sonic hedgehog (SHH) (Hsu et al., 2014). SHH is transiently
sensed by bulge HFSCs, which proliferate to self-renew and to
form the outer root sheath (ORS) (Hsu et al., 2014; Rompolas
et al., 2013) SHH is also sensed by the DP, which elevates
FGF7 and BMP inhibitor NOGGIN to sustain proliferation and
specification of matrix TACs within the hair bulb (Hsu et al.,
2014).
In total, TACs differentiate along seven morphologically and
molecularly distinct pathways. At the core of the mature HF is
the hair shaft (HS), consisting of an inner pigmentedmedulla sur-
rounded by a cortex and HS cuticle (K82+). Cortex/cuticle cells
exhibit nuclear LEF1 and b-catenin, transcriptional coactivators
for WNT target genes encoding HS-specific keratins (AE13+)
(DasGupta and Fuchs, 1999; Merrill et al., 2001). Distal to the
HS cuticle are the three layers of inner root sheath (IRS). The
cuticle and Huxley IRS layers express transcription factor
GATA3 and structural protein trichohyalin (AE15+), while the
companion layer (CP) between IRS and ORS is marked by kera-
tin 6 (K6), also found in the medulla. Each of their progenitor
pools have been lineage traced to the matrix TACs in a spatial
distribution that recapitulates this differentiated layering (Fuchs,
2007; Sequeira and Nicolas, 2012).
Accumulating evidence suggests that BMPs (bone morpho-
genic proteins) play a major role in the regulation of both SCs
and their TACs. Drosophila germline SCs require BMP 2/4 for
their maintenance (Xie and Spradling, 1998). By contrast, HF
and intestinal SCs use BMP signaling to suppress SC activation
(He et al., 2004; Kobielak et al., 2007).
The importance of BMP signaling in the HF has long been
recognized. Postnatal inhibition of BMP signaling by ectopic
Noggin expression impairs HS formation (Kulessa et al., 2000),
and embryonic inhibition of BMP signaling by conditional target-
ing of Bmpr1a blocks hair lineage specification and/or differenti-
ation (Andl et al., 2004; Kobielak et al., 2003; Ming Kwan et al.,
2004; Yuhki et al., 2004). The suppressive effects of inhibiting
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BMP arise early in the hair lineage, as evidenced by the preco-
cious activation of telogen-phase HFSCs and impaired differen-
tiation that arises when they lack Bmpr1a (Kandyba et al., 2013;
Kobielak et al., 2007).
While the consequences of BMP signaling are well studied,
less is known about the molecular mechanisms that underlie
how BMP affects HFSC behavior and hair differentiation. Some
insights come from Kandyba et al. (2013), who used the keratin
15 (K15) promoter to drive an inducible Cre recombinase and
ablate Bmpr1a in telogen-phase HFSCs of the bulge and HG.
They identified 16 HFSC/HG mRNAs upregulated by R 23
and 80 downregulated mRNAs. Intriguingly, the downregulated
genes encoded some inhibitors of HFSC proliferation, such as
FGF18, BMP6, and WNT inhibitor DKK3, while upregulated
genes included Wnt7a, Wnt7b, and Wnt16 (Kandyba et al.,
2013). Overall these findings were consistent with prior reports
that BMP inhibition (1) promotes WNT signaling (Jamora et al.,
2003) and (2) is a distinguishing feature of the transition of quies-
cent HFSCs in the HG to an activated state (Greco et al., 2009).
A number of important questions remain. To what extent is this
differential expression in mRNAs directly a consequence of
changes in pSMAD1/5/8-SMAD4 transcriptional activity? Is
BMP activity merely operative in regulating proliferation, or
does it also influence fate specification and/or differentiation?
If the lineage utilizes BMP signaling in different ways, how is
this temporally and spatially regulated? In this study, we address
these important issues. Using inducible Cre lines, we first
analyze the consequences of ablating Bmpr1a selectively in
either HFSCs or matrix TACs. Carrying out both RNA-seq and
pSMAD1/5 genome-wide chromatin immunoprecipitation and
deep sequencing (ChIP-seq) analyses on purified HFSCs
and TACs, we then identify and validate downstream bona fide
pSMAD1/5 targets whose expression is impacted by BMP
signaling. Focusing on pSMAD1/5 target genes Gata3 and Ids,
we employ a combination of conventional genetics and down-
stream markers of BMP and other signaling pathways to probe
the physiological relevance of these pathways and their effectors
in HFSCs, their TAC progeny, and their terminal differentiation
programs.
RESULTS
BMP Signaling Is Temporally Regulated in Both HFSCs
and TACs
Binding of BMP to their receptors activates an intracellular
signaling cascade where SMAD1/5/8 proteins become phos-
phorylated (activated), translocate to the nucleus, and partner
with SMAD4 to act as bipartite transcription factors (Massague´
et al., 2005). In the hair lineage, Smad8 expression is low (Fig-
ure S1A), Smad1 and Smad5 show redundancy, and double
knockout mice recapitulate aspects of Bmpr1a cKO mice (Kan-
dyba et al., 2014). Immunoreactivity for nuclear pSMAD1/5
was detected in quiescent HFSCs in early and mid-telogen
(Figure 1A). This waned as HFs transitioned to anagen. Immuno-
reactivity remained low through early Ana-IIIa, coincident
with the emergence of Shh-expressing TACs and elevated
NOGGIN (Hsu et al., 2014; Woo et al., 2012). HFs lacking
SHH (K15CrePGR-Shh cKO) failed to downregulate pSMAD1/5
(Figure 1B).
From early Ana I / IIIb, BMP signaling remained low as
activated HFSCs formed the ORS. Signs of pSMAD1/5 immuno-
reactivity in the bulge resurfaced in Ana-IIIb. At this time, nuclear
pSMAD1/5 was also observed in the emerging terminally differ-
entiating IRS (Figure 1A). In maturing Ana-IV HFs, pSMAD1/5
immunolabeling remained high in the terminally differentiating
cells, particularly within the IRS. These patterns were in agree-
ment with and extended prior developmental studies (Andl
et al., 2004) and suggested that BMP signaling may regulate
distinct aspects of the HFSC lineage: SC quiescence and termi-
nal differentiation.
Loss of BMP Signaling Affects HF Lineages
When normally quiescent HFSCs are targeted for Bmpr1a loss,
they adopt molecular features of activated HFSCs, rapidly pro-
gressing to tumor-like cysts (Andl et al., 2004; Kandyba et al.,
2013; Kobielak et al., 2003, 2007; Ming Kwan et al., 2004; Yuhki
et al., 2004). In monitoring the temporal alterations that follow
K15-CrePGR-mediated ablation of Bmpr1a in second telogen-
phase HFSCs, we observed precocious activation of HFs,
accompanied by elevated proliferation within the Bmpr1a null
bulge, HG, and early TACs (Figure 1C). These activated Bmpr1a
null HFSCs failed to maintain or return to quiescence.
Early Bmpr1a null HFs consisted of an upper stalk expressing
basal bulge HFSC/ORS markers (SOX9, K17) and an expanding
bulb expressing markers of activated HG/early TACs (LEF1,
PCAD, Shh, WNT-reporter) (Figure S1B). Cells within Bmpr1a
cKO hair bulbs were also hyperproliferative, and this was sus-
tained over time (Figure 1D). As these structures grew, they
formed lobular structures whose cells organized in an onion-
skin layered fashion analogous to that seen in normal HFs (Fig-
ures 1E and S1C–S1E). At this stage, TAC-like cells expressed
IRS lineage markers such as GATA3. More centrally in these
lobes were weakly LEF1+ cells which spatially corresponded to
HS-TACs but which expressed, in addition, LHX2, WNT-reporter
activity, and other signs of HG/early unspecified TACs. Above
these lobes were small numbers of cells expressing markers
for ORS, CP, differentiating IRS, and cuticle, but not medulla or
cortex.
Within 2 months, most Bmpr1a null HFs had transformed into
cysts. Hair bulbs of residual HFs remained proliferative but were
noticeably smaller than normal and displayed thinner hair shafts
lacking medullary structures; ultimately, mice grew bald (Figures
S1F and S1G). Thus, loss of BMP signaling appeared to affect
TAC lineages to different degrees of severity, with the inner
medullary lineage being the most adversely affected. The WT
precursors for theHS lineages also appeared to be themost sen-
sitive to BMP signaling, as revealed by their higher pSMAD1/5 in-
tensity measured by quantitative immunofluorescence (Figures
1F and S1H).
Loss of BMP Signaling Expands the IRS Progenitor Pool
at the Expense of HS TACs
A priori, the cell populations within K15-CrePGR-derived
Bmpr1a null cysts could merely reflect perturbations arising
from a global expansion of HFSCs, which in turn would be ex-
pected to expand proliferation within downstream lineages in
reverse temporal order of appearance. Subsequent morpholog-
ical distortions might further alter lineage differentiation. We
Cell Stem Cell
BMP Signaling Differentially Regulates HF Lineages
620 Cell Stem Cell 15, 619–633, November 6, 2014 ª2014 Elsevier Inc.
circumvented these caveats by crossingBmpr1afl/fl mice to Shh-
CreER on the background of the R26YFP reporter line. A benefit
of this strategy is that Shh is localized asymmetrically in mature
HFs. Since this feature does not affect the onion-skinned sym-
metry of the differentiating hair layers, it allowed us to examine
the consequences of selectively blocking BMP signaling in the
Shh+ pocket of TACs, while using the other side of the HF as
an internal control. HFs were synchronized by depilation in their
second telogen and then treated with tamoxifen from day 4 to
day 10 to induce Cre in full anagen (Figures 2A and 2B).
Lineage tracing of control (Shh-CreER; Bmpr1afl/+) HFs re-
vealed that YFP+ TACs contributed predominantly to the three
IRS lineages sandwiched between the K6+ CP and K82+ HS
cuticle (Figures 2B–2E). YFP+ cells contributed, but less so, to
the HS cuticle, K6+ medulla, and hair keratin-expressing
(AE13+) cortex. By contrast, Bmpr1a null YFP+ Shh-marked
TACs very rarely contributed to HS lineages (Figures 2G and 2H).
Figure 1. BMP Signaling Is Temporally
Regulated and Required to Maintain Matrix
TACs
(A) pSMAD1/5 patterns throughout the hair cycle.
(B) Early anagen HFSCs fail to downregulate
pSMAD1/5 after Shh ablation.
(C) Bmpr1a ablation leads to precocious HFSC
activation.
(D) Quantifications of changes in %Ki67+ hair bulb
cells with time following Bmpr1a ablation in
HFSCs.
(E) Long-term loss of BMP signaling leads to HF
cysts composed largely of ORS (K17+), early ma-
trix (LEF1+), and IRS-TACs (GATA3+).
(F) Within a planarmidsection of the hair bulb, more
central cortical HS-TACs exhibit stronger nuclear
pSMAD1/5 reactivity than more distal GATA3+
TACs. Cre-promoters are given in parentheses.
Ana, anagen; Telo, telogen; Bu, bulge; HG, hair
germ; DP, dermal papilla; Mx, matrix; Cx, cortex;
IRS, inner root sheath. Data are represented as
mean ± SEM. ***p < 0.001 using ANOVA. Scale
bars, 25 mm.
Quantificationsof EdU labeling revealed
that YFP+ cells within the Bmpr1a-tar-
geted matrix TAC pool expanded by
1.63 compared to Ctrl HFs or YFPneg
(untargeted) side (Figures 2B–2D and
S2A). Thus, autonomous loss of BMP
signaling within Shh+ matrix TACs was
sufficient to elicit their excessive prolifera-
tion independent of changes upstream in
the lineage. Moreover, the expansion of
this Bmpr1a null matrix population did
not elicit noticeable paracrine effects in
untargeted TACs, as confirmed by EdU
quantifications of WT, heterozygous, and
cKO HFs (Figure S2B).
Trichohyalin (AE15+) YFP+ IRS on the
Bmpr1a null side was significantly thick-
ened, while AE13+ cortex was corre-
spondingly thinner (Figures 2F–2H). EdU
incorporation verified that BMP signaling was not required for
TACs to exit the cell cycle upon terminal differentiation (Figures
S2C and S2D). Rather, the imbalance in terminally differentiated
layers suggested that a fate skew occurred within the pool of
Bmpr1a null YFP+ TACs, resulting in expansion of IRS-TACs
and reduction in HS-TACs.
Impact of Loss of BMPSignaling onWNT Signaling in the
Matrix
To evaluate whether the WNT pathway might be affected by
loss of BMP signaling, we bred the Axin2-LacZ knockin WNT
reporter line to our mice. Analogous to prior results with the
TOPGAL reporter for LEF1/b-catenin, the cortex from WT HFs
was LacZ+ (Figure 2I). In stark contrast, the cortical zone of
the Bmpr1a null side was selectively LacZneg (see magnified
boxed areas). Further reflecting the lack of HS differentiation
was the diminished numbers of nuclear LEF1+ terminally
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differentiating layers on the Bmpr1a null side just above the
bulb (Figure 2J).
By contrast, in the WT matrix, LEF1 is largely cytoplasmic, but
upon Bmpr1a ablation, it was strongly nuclear, suggestive of
WNT/b-catenin signaling. Indeed, Wnt10b and Shh were
elevated, and Axin2-LacZ and endogenous WNT target genes
were activated in this pocket of Bmpr1a null TACs (Figures 2I–
2K and S2E–S2G).
GATA3 Is Not Suppressed by Bmpr1a Targeting but Is
Required for TACs to Select the IRS Fate
IRS lineages fail to formwhen BMP signaling is abrogated during
embryogenesis (Andl et al., 2004; Kaufman et al., 2003; Kobielak
et al., 2003; Ming Kwan et al., 2004). Thus it was intriguing to find
that whether Bmpr1awas ablated in adult HFSCs or the anagen-
phase Shh pocket of TACs, GATA3+ IRS precursors increased
while cortical/medulla lineages were diminished (Figures 1E,
2L, and S2H).
To ask whether GATA3 is required for the specification of the
IRS lineage by adult TACs, we conditionally targeted Gata3 in
Shh-CreER, R26YFPmice, as we had done for Bmpr1a. Purified
YFP+-targeted TACs lacked GATA3 and showed a reduction in
Shh expression (Figures S2I–S2K). In contrast to BMPR1a-defi-
cient TACs, TACs lackingGATA3 preferentially contributed toHS
lineages (Figures 2M–2O and S2L). The shift in distribution of
targeted TACs was accompanied by a reduction of AE15+ cells
and a gain in AE13+ and LEF1+ cells on the targeted side of the
HF. Electron microscopy of Gata3 straight KO HFs corroborated
the lack of IRS and expansion of HS in GATA3’s absence (Fig-
ure 2P). Since proliferation of Gata3 cKO TACs remained normal
(Figure 2Q), a fate switch must have occurred. Together, these
data show that IRS specification by matrix progenitors is depen-
dent upon GATA3, and without it, TACs favor cortical and med-
ullary lineages.
pSMAD1/5 Regulates Transcriptional Networks in Both
HFSCs and TACs
To identify the direct transcriptional targets of BMP signaling, we
began by using fluorescence-activated cell sorting (FACS) to
isolate quiescent HFSCs in second telogen (P56) and total matrix
TACs in anagen (P28–P32) (Lien et al., 2011) and validated their
purity (Figure S3A). We then performed pSMAD1/5/8 antibody
ChIP-seq on chromatin isolated from our purified HFSCs and
TACs. Our ChIP-seq data were analyzed as established previ-
ously (see ENCODE guidelines [Landt et al., 2012]).
After aligning ChIP-seq reads to the mouse genome, we
used MACS (Zhang et al., 2008) for peak calling and identified
2,008 and 3,364 genes that were bound by pSMAD1/5 in
HFSCs and TACs, respectively (Figure 3A and Table S1). Sixty
percent of pSMAD1/5 peaks found in HFSCs (53% for TACs)
were classified as enhancer regions (within ± 50 kb), whereas
31% of HFSCs peaks were in promoters (39% for TACs) (Fig-
ure 3B). Interestingly, 76% (1,525 of 2,008) of pSMAD1/5-
bound genes in HFSCs were shared with targets found in
TACs, and 78% of these genes had overlapping peaks (Figures
3C and S3B). The overall quality of pSMAD1/5 ChIP data sets
was comparable, as judged by normalized read density of
peaks in either HFSCs or TACs, or the frequency of binding
to non-tissue-specific genes (Ramsko¨ld et al., 2009) (Figures
S3C and S3D).
An unbiased de novo binding motif search of each ChIP data
set revealed a (C/G)CAG(G/C) motif (Figure 3D), which was
similar, but not identical to, SMAD1/5 motifs reported in various
cell types. A previously identified CAGA motif (Dennler et al.,
1998) was also enriched within pSMAD1/5 peaks of HFSCs
and TACs (Figure S3E). Validating the efficacy of our analyses,
we showed that a short Id1 enhancer fragment containing
multiple (C/G)CAG(G/C) motifs was effective at inducing lucif-
erase reporter activity in keratinocytes exposed to BMP-4,
and when mutated, reporter activity was diminished (Figures
3E and 3F).
Gene ontology (GO) analysis of pSMAD1/5 targets shared by
HFSCs and TACs highlighted transcription factors and transcrip-
tional regulation (Figure 3G and Table S2). Reflective of their
stemness and niche environment, HFSC-specific pSMAD1/5
targets showcased genes involved in embryonic tissue develop-
ment and control of cell migration. By contrast, TAC-specific
targets featured both negative and positive regulators of gene
expression and metabolism, more reflective of their dynamic
but committed state.
A role for BMP signaling in regulating HFSC behavior was
further strengthened by the 189 (29%) of telogen HFSC signature
genes that were bound by pSMAD1/5 in HFSCs. Even though
their expression was downregulated upon TAC specification,
many of these genes were still bound by pSMAD1/5 in TACs
(p = 0.0005), indicating that pSMAD1/5 does not act alone in
Figure 2. BMP Restricts the Shh-Expressing IRS Progenitor Pool
(A) Experimental timeline for selectively targeting Bmpr1a ablation in Shh-expressing TACs during full anagen.
(B–D) BMPR1a loss results in an expansion of YFP+ cKO TACs and an increase in their proliferation.
(E) Lineage tracing of YFP+ TAC progeny.
(F and G) Differential distribution of YFP+ progeny reveals an increase in AE15+ IRS and decrease in AE13+ cortex following Bmpr1a ablation in TACs.
(H) Bmpr1a null YFP+ TACs lineage trace to AE15+ IRS but not AE13+ cortex.
(I) Axin2-LacZ activity in Shh-expressing TACs, DP, and cortex/medulla. Note lack of X-gal staining (blue) in HS developing from Bmpr1a-targeted side.
(J) LEF1+ TACs are expanded upon BMPR1a loss, but LEF1+ cortex is absent.
(K) Shh+ IRS TACs are expanded and express elevated Shh in the absence of BMP signaling.
(L) GATA3+ cells are expanded following Bmpr1a ablation in Shh+ TACs.
(M and N) Lineage tracing of YFP+ progeny following Gata3 ablation in Shh+ TACs. Following loss of GATA3, AE15+ IRS progeny (external to the K82+ HS cuticle)
are lost, while AE15+ HS progeny (internal to K82) are expanded.
(O) Gata3 ablation in Shh+ TACs leads to an expanded cortical layer (AE13+) and smaller AE15+ IRS.
(P) EM of Gata3 straight KO HFs reveals absence of IRS lineage.
(Q) Proliferation is unaffected following Gata3 ablation in TACs. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test. Scale
bar, 25 mm.
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Figure 3. pSMAD1/5 Regulates HFSC and TAC Transcriptional Networks
(A) Venn diagram of pSMAD1/5 ChIP-seq of HFSC and TAC chromatin, compared to RNA-seq profiling of transcripts R 23 (p < 0.05) changed in the two
populations (‘‘signature genes’’).
(B) SMAD1/5 occupies predominantly enhancer regions.
(C) Overlapping pSMAD1/5 peaks for genes bound by pSMAD1/5 in both HFSC and TAC chromatin.
(D) Unbiased pSMAD1/5 binding motif analysis.
(E) Binding pattern of pSMAD1/5 on the Id1 locus and description of C/G(CAG)G/C mutations introduced.
(legend continued on next page)
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its governance along the lineage (Figure S3F). That said, consis-
tent with the hierarchical relation between HFSCs and TACs,
pSMAD1/5-bound TAC signature genes (26%) overlapped
primarily with matrix-unique targets (p = 0.0002) (Figure 3A and
Table S1).
To gain further insights into how pSMAD1/5-bound genes
might be regulated, we next analyzed the chromatin status of
pSMAD1/5-bound HFSC and TAC signature genes as they tran-
sitioned through the lineage (Lien et al., 2011). Although only a
small percentage of HFSC and TAC signature genes were dually
marked by H3K4me3:H3K27me3 (poised) chromatin modifica-
tions, many of them bound pSMAD1/5 (Figure S3G). Although
poised marks may in part reflect heterogeneity within our
FACS-purified populations, their increase among pSMAD1/5-
bound genes suggested possible relevance of BMP signaling
in transitional chromatin states (Bernstein et al., 2006)
Of the 141 HFSC signature genes bound by pSMAD1/5 in both
HFSCs and TACs, only two were marked by H3K27me3 alone in
HFSCs, while 87%weremarked by H3K4me3 ±H3K79me2 (Fig-
ure S3H). In TACs, pSMAD1/5-bound HFSC signature genes
were downregulated, and some acquired H3K27me3 marks.
GO analysis revealed that many of the HFSC pSMAD1/5 targets
whose expression persisted in TACs showed predicted func-
tions in macromolecular biosynthesis and epithelial develop-
ment, i.e., sustained throughout the lineage (Figure S3J). By
contrast, pSMAD1/5-bound genes active in quiescent HFSCs
but silenced in TACs included Tcf7l1, Sox9, Tbx1, and other
genes known to regulate chromatin dynamics or key signaling
pathways controlling HFSC stemness (Figure 3H). These find-
ings underscore the importance of BMP signaling in general
and pSMAD1/5-bound genes in particular in governing features
of quiescent HFSCs.
Most pSMAD1/5-bound TAC signature genes were in an open
chromatin state in TACs but lacked active chromatin marks in
HFSCs (Figure S3I). Importantly, this cohort included genes en-
coding transcription factors LEF1, KLF14, MSX1, and RUNX2
(Figure 3I), which were previously reported to influence hair pro-
genitor cell specification/differentiation (Andl et al., 2004; Hert-
veldt et al., 2008; Kratochwil et al., 1996). Hence, in both HF
stem and progenitor cells, pSMAD1/5 preferentially bound to
genes encoding key transcriptional regulators of their identities,
even though additional factors appeared to be required to
change the status of these genes.
SMADs have been suggested to colocalize with lineage regu-
lators to direct SMAD target specificity. pSMAD1 ChIP targets of
TACs were enriched for motifs for HOX, SOX, FOX, and bHLH
proteins, known to function in early HF differentiation (Figure 3J).
pSMAD1 targets of HFSCs were enriched for binding sites of
POUand glucocorticoid receptor (NR3C1), previously implicated
in HFSC homeostasis. This was suggestive of some lineage state
specificity in pSMAD1-bound genes, despite the high degree of
overlap.
Loss of BMP Signaling in HFSCs Changes the
pSMAD1/5-Sensitive Transcriptome toward ORS, HG,
and TAC Lineages
Previously, 426 probe sets to HFSC signature genes were
tested for their sensitivity to BMP signaling: 96 mRNAs were
identified, all but 16 of which were downregulated in bulge
HFSCs/HG upon Bmpr1a ablation (Kandyba et al., 2013).
Based upon our ChIP-seq data of bulge HFSC chromatin,
only 29 of these directly bind pSMAD1/5. To gain deeper mech-
anistic insights into the direct consequences of loss of BMP
signaling on HFSCs and their lineages, we therefore performed
and qPCR-validated RNA profiling and Illumina sequencing
(RNA-seq) on purified populations of control and Bmpr1a
null HFSCs and, as discussed in the next section, TACs
(Figure S4).
By testing 22,000 genes and focusing on purified bulge
HFSCs, we expanded the cohort of BMP-sensitive HFSC tran-
scripts. In all, 1,938 transcripts were changed by R 23 in
Bmpr1a null HFSCs relative to their normal counterparts (Fig-
ure 4A and Table S3). Approximately 30% of the transcripts up-
regulated in Bmpr1a null HFSCs belonged to the WT ORS
signature of genes R 23 upregulated relative to matrix or
epidermal progenitors (Figure 4A; p = 0.026). Significant overlap
was also seen between the signatures of Bmpr1a null HFSCs
and those of WT TACs and HG (Figures 4A and S4C). These
data indicate that BMP signaling affects and promotes not
only the activated HFSC (HG) signature as hinted previously
(Kandyba et al., 2013), but also the signatures of ORS and
TAC progenitors.
GO analysis of BMP-sensitive HFSC mRNAs supported roles
for BMP signaling in balancing proliferation/self-renewal and
keratinocyte identity/differentiation. Thus, mRNAs upregulated
in Bmpr1a null HFSCs encodedmany cell cycle and extracellular
matrix (ECM) regulators, consistent with their hyperproliferation,
while epidermal differentiation mRNAs were downregulated
(Table S4). Intriguingly, loss of BMP signaling also elevated
Sox9 and Inhbb expression, known to repress epidermal differ-
entiation (Kadaja et al., 2014).
A comparison of our ChIP-seq and RNA-seq data revealed
316 HFSC genes that were bound by pSMAD1/5 and differ-
entially expressed upon loss of BMP signaling. This cohort
was roughly split in their sensitivity to Bmpr1a ablation (Fig-
ures 4B and S4D), consistent with pSMAD1/5’s impact on
both transcriptional activation and repression. GO analysis
of these pSMAD1/5-bound, BMP-sensitive targets showed
enrichment for ECM, cytoskeleton, and developmental pro-
cesses (Figure S4E). Among BMP-sensitive pSMAD1/5-
bound targets that are normally highly transcribed were the
upregulated ORS gene Krt17 and the downregulated quies-
cent HFSC gene Krt15 (Figure 4C). Id1, Id2, and Id3 genes
were also among the top pSMAD1/5-bound genes that
were highly transcribed in HFSCs and markedly suppressed
(F) Luciferase reporter assays show decreased BMP sensitivity of mutated Id1 C/G(CAG)G/C enhancer regions.
(G) Gene ontology (GO) analyses of pSMAD1/5 ChIP-seq targets (common or unique) for HFSCs and TACs.
(H) Examples of HFSC signature genes bound by pSMAD1/5 and active in HFSCs, but silenced in TACs.
(I) Examples of TAC signature genes bound by pSMAD1/5 and active in TACs, but silenced in HFSCs.
(J) Transcription factor binding site analyses of pSMAD1/5 ChIP targets unique for either HFSCs or TACs reveal enriched binding motifs for putative lineage
regulators.
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upon BMPR1A loss. Id genes are known to be highly sensi-
tive to BMP signaling and implicated in cell fate determina-
tion in some other SCs (Lasorella et al., 2014; Niola et al.,
2012). Their function in the HF lineage has been largely
unexplored.
Analysis of these 316 HFSC target genes for other transcrip-
tion factor motifs revealed an appreciable enrichment (33) for
HOX motifs, which overlap with the binding motif for LHX2, a
key HFSC transcription factor (Figure 4D) (Folgueras et al.,
2013). Motifs for another key HFSC regulator, NFATc1, were
also enriched, but to a lesser extent (1.43). These findings high-
light the value in determining both the genes bound by pSMAD1/
5 and the impact on their expression when BMP signaling is
abrogated.
Identifying TAC pSMAD1/5 Target Genes Affected by
BMP Signaling
To elucidate how pSMAD1/5-bound genes in TACs are affected
by BMP signaling, we began by transcriptionally profiling WT
and Bmpr1a null TACs from both Shh (IRS-enriched) and K15-
Cre lineage traced (total matrix) hair bulbs (Figures S4F–S4I).
Comparisons of pSMAD1/5 ChIP-seq targets from total TACs
and mRNAs differentially expressed upon loss of BMP signaling
in either total or IRS-enriched TACs yielded 853 and 340
Figure 4. Identification of BMP-Sensitive pSMAD1/5-Bound Targets
(A) Venn diagram showing overlap between ORS, HG, and TAC signatures and the mRNAsR 23 changed in Bmpr1a cKO versus Ctrl HFSCs.
(B) Venn diagram showing overlap between pSMAD1/5-bound genes and mRNAsR 23 changed in HFSCs.
(C) Relative mRNA expression of abundant BMP-sensitive pSMAD1/5 targets in cKO/WT.
(D) Motif analysis of HFSC BMP-sensitive pSMAD1/5 targets based on previously published TF motifs (see Supplemental Experimental Procedures).
(E) Venn diagram showing the same analysis as in (B) but for TACs comparing to RNA profiling from IRS enriched or total TACs.
(F) Unbiased GO analysis of 207 BMP-sensing pSMAD1/5 targets in TACs shows enrichment of HF genes.
(G) Differential expression of pSMAD1/5-bound, BMP-sensitive targets in either IRS-TACs, HS-TACs, or total TACs.
(H) Enrichment of bHLH motifs was found in both HFSC and TAC targets, whereas only TAC BMP targets were enriched for GATA motifs.
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BMP-sensitive, pSMAD1/5-bound target genes, respectively
(Figure 4E and Table S5).
By comparing our two RNA-seq data sets, we could designate
BMP-sensitive TAC transcripts of the HS lineage as those highly
enriched/changed in the total TAC pool over the IRS-TAC en-
riched pool. We could then refine our IRS-TAC data set to
exclude the HS-TAC mRNAs. The BMP-sensitive transcripts
found in both IRS-TACs and HS-TACs constituted our list of
BMP-sensitive transcripts common to TACs.We then performed
GO analysis on pSMAD1/5-bound targets more prominently
regulated by BMPs in IRS-TACs, HS-TACs, or equivalently in
both populations.
In striking contrast to HFSCs, ‘‘common’’ TAC targets were
enriched for genes relevant to the general hair cycle and hair
development/differentiation, and most were downregulated
upon loss of BMPR1A (Figure 4F and Table S6). Underscoring
the efficacy of our classifications, established IRS regulators
were among the top pSMAD1/5 targets displaying more promi-
nent BMP sensitivity in IRS-TACs, while our top pSMAD1/5-
bound targets with greater sensitivity to BMPs in HS-TACs
were enriched for HS-specific genes (Figure 4G).
In light of our earlier sequencemotif search for putative factors
that might guide pSMAD1/5 to TAC genes versus HFSC genes
(Figure 3J), it was particularly notable that Hox and Sox genes
were among the top HS-specific TAC targets, and Gata3 was
featured in IRS-specific TAC targets. Among top targets sensitive
to BMPs in all TACs were bHLH genes encoding IDs, Dlx, and
Msx family of transcriptional regulators. Indeed, when the tran-
scription factor scan was performed on only pSMAD1/5-bound
TAC genes showing BMP sensitivity, bHLH sites (CACGTG)
were highly enriched (p = 0.00003) (Figure 4H). Intriguingly,
bHLH motifs were also enriched in HFSC genes bound by
pSMAD1/5 and BMP sensitive, although different bHLH genes
were expressed by HFSCs and TACs. It is interesting to specu-
late that theBMP-sensitive changes in expression of bHLH family
members may in part contribute to this complexity.
By contrast, GATA sites (AGATAA) were enriched preferen-
tially in the pSMAD1/5-bound, BMP-sensitive IRS-TAC enriched
genes (p = 0.0002) (Figure 4I). Taken together, these data sup-
port our genetic evidence that GATA3 and pSMAD1/5 may coor-
dinate lineage determination in the IRS, while pSMAD1/5 and
bHLHproteinsmay function coordinately throughout the lineage.
How epigenetic changes impact on these choices and/or further
influence pSMAD1/5 occupancy will be interesting to explore in
the future.
ID Proteins as Mediators of HFSC Quiescence
Seeking mechanisms that might underlie the activation of
proliferation in bulge and HG HFSCs when BMP signaling is
blocked, we first focused on Wnts. Previously implicated Wnts
(7a, 7b, 16) (Kandyba and Kobielak, 2014; Kandyba et al.,
2013) were preferentially expressed by WT HG versus bulge
and were not markedly affected in Bmpr1a null bulge HFSCs
(Figure S5A). Additionally, even though our ChIP-seq data on
WT bulge HFSCs revealed Wnts 7b, 11, 10a, and 4 as direct
pSMAD1/5 targets, their mRNAs were not appreciably affected
in the Bmpr1a cKO bulge (Figures S5A and S5B). These findings
supported the view that WNT signaling/BMP inhibition preferen-
tially activates HG proliferation (Hsu et al., 2014).
Probing further, we analyzed pSMAD1/5 ChIP targets catego-
rized as either HFSC or ORS signature genes, since the ORS
signature was upregulated while most HFSC signature genes
were either unaltered or significantly downregulated (Figure 5A).
From this list, we were drawn to the Ids since they have been
implicated in repressing proliferation (Lasorella et al., 2014).
Id1, Id2, and Id3were each bound by pSMAD1/5 and downregu-
lated upon Bmpr1a targeting in both HFSC and TACs (Figures
4G, 5A, and S5C; Table S3). Anti-pSMAD1/5 ChIP-qPCR on
cultured primary mouse keratinocytes (1MK) confirmed our
in vivo ChIP-seq, showing a 103–403 enrichment of pSMAD1/
5 binding to Id promoters compared to IgG controls (Figures
S5C and S5D). Addition of BMP4 to 1MK for 3 hr resulted in a
strong upregulation of Id1–Id3 mRNAs when compared to
vehicle-treated cells, and consistent with the antagonistic ef-
fects of TGF-b signaling on BMP signaling (Oshimori and Fuchs,
2012), TgfbRII null 1MK displayed increased Id1–Id3 mRNA
expression (Figures S5E and S5F).
In WT HFs, ID1, ID2, and ID3 were detected in quiescent
(telogen-phase) HFSCs (Figures 5B and S5H). Intensity was
strongest in HG, correlating with pSMAD1/5 immunostaining.
Id mRNAs were downregulated at telogen / anagen, further
correlating with pSMAD1/5 patterns (Figure 5C). qPCR
confirmed that Id expression was lost in independently purified
Bmpr1a cKO HFSCs.
To elucidate their physiological relevance, we generated K15-
CrePGR:R26YFP:Id1fl/flmice and compared them to Id3 straight
null and to tetracycline (Tet)-inducible Id1-overexpressing
animals. Targeting efficiency was confirmed at both mRNA
and protein levels (Figures S5G and S5H). Although loss of
Id1 or Id3 alone was not sufficient to drive HFSCs from telogen
/ anagen, AnaI Id1 cKOHGprogenitors showed enhanced pro-
liferation (Figure 5D). By contrast, when Id1 was overexpressed
(OE) inWT AnaI HFs, 3 days later they were still in AnaI while their
WT counterparts had progressed to AnaIIIa (Figure 5E). Direct
comparison of HFSC proliferation in Ana II HFs confirmed that
IDs regulated their proliferation (Figure 5F). These findings
were further corroborated in vitro with HFSCs purified from these
mice (Figures S5I–S5L).
Depilation was used to induce anagen entry of HFs in their
second telogen. Within 48 hr, bulge and HG HFSCs of Id1 and
Id3 targeted HFs displayed increased EdU+ labeling while Id1-
OE caused significant reductions (Figures 5G, S5M, and S5N).
This inverse correlation between IDs and proliferation became
more pronounced during repetitive rounds of depilation-induced
hair cycling, until eventually Id1 cKO animals failed to regrow
their hair coat (Figure 5H). Concomitantly, the numbers of cells
expressing HFSC markers waned (Figure 5I). These results
suggested that ID proteins function to maintain the HFSC pool
by restricting their proliferation and wasteful usage.
Roles of BMPs and IDs in Balancing IRS and HS Lineages
To further explore the importance of Ids as BMP-sensitive
pSMAD1/5 targets in HFs, we generated K14Cre-Id1/Id3 double
knockout mice (Figure S6A) and compared their anagen HFs
to those from Id1-OE HFs. All three IDs were expressed by
both IRS and HS lineages (Figures 6A, 6B, S6A, and S6B).
Intriguingly, however, immunoreactivity was reduced in the ma-
trix pocket where Shh+ IRS-TACs typically reside. The higher ID
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immunoreactivity in presumptive HS-TACs was also consistent
with our earlier findings on pSMAD1/5 levels (Figure 1F).
TAC contribution to the various lineages was assessed using
lineage-specific K82 and K6 immunolabeling (Figures 6C–6E).
Id1/Id3 ablation caused a slight but significant reduction in over-
all HS width, with correspondingly increased IRS. Conversely,
Id1-OE led to enhanced HS and reduced IRS (Figures 6F and
S6C–S6F). Since the TAC progenitors of these lineages had
been targeted, these data best fit a model whereby BMP
signaling acts through pSMAD1/5 and Id gene induction to pro-
mote cortical progenitors and restrict IRS progenitors. In agree-
ment, Gata3 ablation, which enhanced the cortical TAC pool,
also accentuated the pool of TACs expressing ID1 (Figure S6G).
Neither GATA3 nor ID loss affected TAC proliferation to the
extent seen with BMPR1A loss (Figures 6G and 6H), favoring a
role for these downstream targets in lineage choice.
Since bHLH motifs featured prominently in both HFSC and
TAC BMP targets, we analyzed their expression in these popula-
tions. Strikingly, TACs preferentially expressed Hes/Hey genes,
many of which bound pSMAD1/5 and displayed particularly
potent BMP sensitivity in HS-TACs (Figures 6I and 4G). HES1
protein also correlated with ID1 levels in Bmpr1a cKO and ID1-
OE TACs (Figure 6J).
Finally, even though we uncovered a preference for BMP
and ID signaling in specifying HS-TACs, pSMAD1/5 and IDs
were clearly present in differentiating IRS cells, and Bmpr1a
null cysts contained GATA3+ IRS progenitors but few AE15+
cells. Exploiting the distinct keratin gene expression patterns
in these lineages (Langbein et al., 2010), we analyzed BMP-
sensitive patterns of change in 34 keratin mRNAs expressed
by TACs in both our RNA profiling data sets. Nearly all of
the HS and IRS keratins were downregulated in K15-derived
Figure 5. ID Proteins as Mediators of HFSC Quiescence
(A) pSMAD1/5 ChIP-seq targetsR 23 differentially expressed upon loss ofBmpr1a in HFSCs. Note that signature genes for quiescent HFSCs are downregulated
while those for ORS cells are upregulated in Bmpr1a null HFSCs.
(B) ID1 and ID3 immunostaining in telogen HFs.
(C) Verification of Id RNA profiling data.
(D) Id1 ablation enhances bulge/HG proliferation at AnaI.
(E) Overexpression (OE) of Id1 delays anagen progression.
(F) Quantifications of EdU incorporation in AnaII.
(G) ID loss reduces and ID OE enhances proliferation in HFSCs 48 hr after depilation to induce synchronized activation of hair cycling.
(H and I) Id1 cKO mice subjected to repetitive depilation-induced hair cycles eventually fail to regrow hair coat (H) and lose HFSCs (I). Data are represented as
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test or ANOVA. Scale bar, 25 mm.
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TACs, whereas keratins expressed by the ORS lineage were
upregulated (Figure 6K). These findings underscore the
impairment of terminal differentiation programs of both line-
ages in Bmpr1a null HFs. By contrast, in the Shh-derived
TACs, where the HS TACs were lost and the IRS TACs were
expanded, the corresponding elevation in IRS genes ap-
peared to be confined to those of the early IRS TAC lineage
and not the IRS keratins typical of terminal differentiation (Fig-
ure S6H and Table S7). While further studies will be needed,
these data are consistent with the view that loss of BMP
signaling in the hair lineage acts early, affecting its TACs,
while loss of BMP signaling in the IRS lineage acts favorably
on the IRS-TACs but acts later in the terminal differentiation
of this lineage.
DISCUSSION
Our findings revealed that when BMP signaling is abrogated,
quiescent HFSCs proliferate. That said, Bmpr1a null HFSCs still
exhibited a two-tier mechanism of activation, as reflected by the
initial sensitivity of the HG in activating Wnt genes (Figure S5A)
and rapidly expanding. Additionally and importantly, however,
we learned that reduced BMP signaling is not simply a means
of activating HFSCs, but rather a prerequisite for generating
the GATA3-expressing IRS TACs. Moreover, when Bmpr1a or
pSMAD1/5’s downstream effector Id genes were specifically
targeted for ablation in TACs, the GATA3+ IRS progenitor pool
was expanded, and when Gata3 was conditionally ablated in
TACs, IRS progenitors were not maintained.
Figure 6. BMP Suppress IRS-Progenitors through IDs
(A and B) ID1 and ID3 immunostaining in TACs and differentiating IRS and cortical progeny.
(C and D) Loss of IDs alters the relative contribution of TACs to their differentiated progeny within the HF.
(E) Schematic illustration of the differentiated layers of mature HFs.
(F) GATA3+ cells in HFs are diminished by Id1 OE and expanded upon Id1/Id3 ablation.
(G and H) Quantifications of proliferating (EdU+) TACs in Id1/Id3 dKO HFs (J) or Id1 OE HFs.
(I) Expression of bHLH proteins in HFSCs versus TACs shows enrichment of HES/HEY proteins in TACs.
(J) HES1+ TACs are reduced upon ID loss (Bmpr1a cKO) and expanded with ID OE.
(K) Bmpr1a ablation in the total TAC pool leads to their failure to properly express differentiation-specific keratin genes of both IRS and cortical lineages (see also
Table S7). Data are represented as mean ± SEM. *p < 0.05; Student’s t test or ANOVA. Scale bar, 25 mm.
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By lineage tracing, we learned that whenBmpr1a is targeted in
the Shh-expressing pocket, the few signs of cortical andmedulla
lineages that arise from this subset of matrix cells are eliminated,
while the IRS lineage expands. The functional reliance of HS-
TACs on BMP signaling was further supported by the fact that
TACs within the WT mid-upper hair bulb just above the Shh-ex-
pressing pocket give rise to HS lineages, and thesewere positive
for both pSMAD1/5 and IDs. Given their close proximity to DP,
we were at first puzzled by this finding, since BMP inhibitory
cues expressed by telogen-phase DP are integral to activating
the new hair cycle (Botchkarev et al., 1999; Greco et al., 2009).
However, in contrast to the IRS lineage, the HS lineage does
not appear until mid-anagen, concomitant with this population
of pSMAD1/5,ID+ TACs.
Our ChIP-seq and RNA-seq data added further insight,
revealing that pSMAD1/5-bound genes that were upregulated
upon BMPR1A loss encode proteins which typify the ORS, HG,
and IRS-TACs. Consistent with this finding was the abundance
of these cells within the K15-CrePGR lineage-traced Bmpr1a
null cysts. Conversely, pSMAD1/5-bound genes encoding
factors typical of quiescent HFSCs or HS-TACs tended to be
downregulated by BMP signaling loss. These features bolster
our conclusions drawn from immunofluorescence and genetic
analyses about the differential effects of BMP signaling on these
progenitor pools.
The Id genes featured prominently among the cohort of
pSMAD1/5 targets that were common between HFSC and
TACs and whose expression was profoundly influenced by re-
ductions in BMP signaling. In other cell types, ID loss is often
associated with an exit from the cell cycle and differentiation (La-
sorella et al., 2014), but similar to B cell development (Kee et al.,
2001), expression of BMPs and ID proteins inversely correlated
with HFSC proliferation. Despite its attractive features, however,
the paradigm could not account for the fate skewwe observed in
TACs lacking either BMPR1A or ID1 and ID3. Thus Id1/Id3 dKO
HFs were diminished in HS and enhanced in IRS lineages, while
Id1 overexpression gave the opposite phenotype. These findings
again point to the differences in ways in which not only BMPs,
but also their downstream targets, differentially affect progeni-
tors and their lineages within the matrix.
Recent evidence suggests that cell type-specific master regu-
lators may guide the specificity of SMAD binding to their target
genes (Trompouki et al., 2011). Exploiting our in vivo pSMAD1/
5 ChIP-seq analyses from both HFSCs and TACs, we identified
several master regulatory transcription factors that may differen-
tially direct the occupancy of lineage-specific pSMAD1/5 bind-
ing in HFs. We showed genetically that ID proteins promote
the HS lineage, and it was both interesting and likely relevant
that genes encoding ID-interacting bHLH proteins, particularly
of the HES/HEY family (Bai et al., 2007), surfaced among
pSMAD1/5-bound HS-TAC genes with higher sensitivity to
BMP signaling. When coupled with the established role of Notch
signaling in HS differentiation (Pan et al., 2004), our findings sug-
gest a tantalizing crossroads of BMP and Notch signaling
through Ids and Hes/Hey genes in orchestrating the early
commitment steps of this lineage (Moya et al., 2012). Adding
to the intrigue was the enrichment of HOX motifs within the
pSMAD1/5 binding regions of the most highly BMP-sensitive
HS-TAC genes. This class of transcription factors have been
previously found to co-occupy several SMAD-bound target
genes in cultured cell lines (Arden, 2004; Walsh and Carroll,
2007), and functionally, they have been shown to be key media-
tors of HS differentiation (Kulessa et al., 2000).
On the flip side of TAC specification, we discovered that abla-
tion of Gata3 in Shh/Wnt-expressing TACs resulted in a loss of
the IRS progenitor subset and expansion of the LEF1, ID+ TAC
subset that forms the HS. Enrichment of GATA sites in IRS-
TAC BMP targets as well as pSMAD1/5 occupancy of GATA3
further enhances its prominence in the IRS lineage. That said,
we found that many IRS-TAC genes, including Gata3, that bind
pSMAD1/5 and are highly sensitive to BMPs are not downregu-
lated when BMP signaling is abrogated. The strong presence of
GATA3 IRS-TACs in Bmpr1a null cysts provided physiological
support for this finding. It also unveiled a newfound complexity,
since positive regulation of Gata3 must rely upon some addi-
tional factor(s), which remain undetermined.
So where does this leave WNTs? While synergistic effects of
WNT and BMP signaling have been described, our studies
here extend the evidence that in HFs, these pathways are largely
antagonistic. Thus, as in the HG, IRS-TACs displayed high
Wnt10b and WNT reporter activity. That said, while BMP
signaling was also low in this pocket, its lack of symmetry leaves
open the possibility that the role of this BMP-low/WNT/SHH-high
pocket is for signaling, perhaps to the DP, which in turn could
indirectly impact the status of TAC lineage determination.
In HS-TACs, pSMAD1/5 levels were higher and Wnt expres-
sion and WNT reporter activity were low. Interestingly, WNT
reporter activities were reversed in the differentiated cells of
these lineages, as was the intensity of pSMAD1/5 immunolabel-
ing. Finally, pSMAD1/5 targets were not enriched for LEF1/TCF
binding motifs, suggesting that in contrast to the hematopoietic
system (Trompouki et al., 2011), BMP and WNT signaling regu-
late temporally and spatially distinct, although interdependent,
transcriptional programs.
LEF1 is known to accumulate concomitant with BMP downre-
gulation andWNT upregulation both in developing and postnatal
HGs (Botchkarev et al., 1999; Greco et al., 2009; Jamora
et al., 2003). Hence it was not surprising to see expansion of
LEF1+Shh+ WNT-reporter+ HG and unspecified TAC cells in
the cysts that formed soon after Bmpr1a ablation in HFSCs.
However, we also showed that both Lef1 and Wnt genes (see
also Kandyba et al., 2013) are direct pSMAD1/5 targets, and
upon BMP loss, Wnt transcripts are elevated while Lef1 tran-
scripts are diminished. These results highlight the paradoxical
need for HG cells to start with sufficiently high BMP signaling
to allow for sufficient Lef1 transcription, but then diminish BMP
signaling to activate Wnt transcription to generate nuclear-
LEF1/b-catenin and the unspecified TAC pool.
Our findings further revealed that the paradigm repeats itself to
progress to the next specification step of the lineage. Reduced
BMP signaling and Wnt transcription were features of the Shh+
pocket cells enriched for GATA3+ IRS-TACs, which also accu-
mulated in K15-Cre-generated Bmpr1a null cysts. By contrast,
HS-TACs displayed higher BMP signaling as evidenced by
pSMAD1/5/IDs, and also Lef1 transcripts (diffuse LEF1 protein),
and a paucity of Wnt transcripts. Finally, to terminally differen-
tiate, each of these specified TACs displayed signs of repeating
the paradigm again: differentiating HS cells displayed reduced
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BMP signaling, stabilized nuclear LEF1/b-catenin protein, and
activation of WNT reporters. The model in Figure 7 summarizes
these results.
Overall, our results on Bmpr1a, Gata3, and Id1/3 loss of
function suggest that the intricate balance of HS and IRS
TACs arises from temporal and local differences in BMP
signaling during the growth phase of the hair cycle. Too
much or too little of this pathway perturbs this balance, and de-
pending upon where in the lineage, different fates arise. A final
twist to understanding how oscillations in BMP signaling can
impact multiple discrete steps in the lineage emerges not
only from the intersections between BMP-sensitive pSMAD1/
5 target genes encoding ligands for WNTs (Wnts) and Notch
(Jaggeds) signaling, but also for downstream effectors of these
(Lef1, Hes/Hey, Tcf7l1, Tcf7l2) and other pathways, including
Shh (Ptch2) and tyrosine kinases (Tgfa). When coupled with
the lineage-specific changes in microenvironment of different
cell populations along the lineage, the cell stage-specific diver-
sity in pSMAD1/5 targets, and the multiplicity of signaling and
transcription factors directly controlled by BMP signaling be-
gins to shed light on how these complex choices can be
made by so few signaling pathways. As future functional and
chromatin remodeling studies are conducted, remaining mys-
teries of the complicated lineage specifications of the HF
should continue to unfold.
EXPERIMENTAL PROCEDURES
Mice
K14-H2BGFP and K14-Cre mice were generated in the Fuchs lab. Bmprafl/fl;
K15-CrePGR;R26YFP have been described (Kandyba et al., 2013). Bmprafl/fl
or Gata3fl/fl (Pai et al., 2003) mice were crossed to Shh-CreER and R26YFP
reporter mice (JAX). CMV-rtTA:Tre-Id1, Id3 KO, and Id1fl/fl mice were a
generous gift from the Benezra lab. CD1 mice were from Charles River. Mice
were maintained in an AAALAC-approved animal facility and procedures
were performed with IACUC-approved protocols.
ChIP-Seq
DNA for ChIP-seq analysis was prepared as previously described (Lien et al.,
2011) using an antibody against pSMAD1/5/8 (Cell Signaling).
RNA Purification and Profiling
For HFSCs, we used Krt15-CrePGR to drive targeting and Rosa26-lox-stop-
lox-YFP to aid in purification. Bmpr1afl/fl and Bmpr1afl/+ mice were induced
in second telogen, and 14 days later, SCA1negYFP+CD34+a6high HFSCs
were isolated by FACS (Figures S4A and S4B). For TACs, we used Shh-CreER
to drive targeting, Rosa26-lox-stop-lox-YFP to aid in purification, and the depi-
lation and induction scheme delineated in Figure 2A to activate the hair cycle
synchronously and mark the pocket of Shh-expressing TACs. TACs and early
progeny were purified by FACs based upon SCA1negYFP+CD34nega6low
expression (Figure S4F). CreER was activated by topical application (1% in
EtOH) of tamoxifen. CrePGR was activated using both topical (4% in EtOH)
and intraperitoneal injections (1% in corn oil) of RU486. EdU was delivered
intraperitoneally (50 mg/g) (Invitrogen) and chased for times specified. Total
RNA was purified from FACS-isolated cells sorted into TRIzol LS (Invitrogen)
using RNeasy Mini Kit (QIAGEN) or Direct-Zol RNAMiniprep (Zymo Research).
Equal amounts of RNA were reverse-transcribed using VILO (Invitrogen).
cDNAs were normalized using primers against HPRT and/or Ppib2. Samples
collected for RNA profiling were submitted for Illumina sequencing.
Luciferase Reporter Assay
The Id1 enhancer (336 bp) was amplified from genomic DNA and subcloned
into pGL3_Luciferase (Promega) backbone containing a minimal CMV pro-
moter (mCMV). Point mutations were introduced using QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent). Primary mouse keratinocytes were
transfected with the generated pGL3 constructs as well as pGL4 Renilla
(Promega). After 24 hr, cells were serum starved for 12 hr, treated with
BMP4 for 3 hr, and analyzed using a DualGlo Kit (Promega).
Histology and Immunofluorescence
Back skins were embedded in OCT, frozen and cryosectioned at 10–14 mm,
and fixed for 10 min in 4% paraformaldehyde in PBS. Sections were blocked
and permeabilized for 1 hr at room temperature in PBS with 0.1% Triton-X,
2.5% normal donkey serum, 2.5% normal goat serum, and 0.5% BSA. LacZ
staining on OCT sections were performed using standard Xgal protocols. Im-
ages were acquired with an Axio Oberver.Z1 epifluorescence microscope
equipped with a Hamamatsu ORCA-ER camera (Hamamatsu Photonics) and
Figure 7. Model for How BMP Signaling
Affects the HFSC Lineage
HFSC quiescence is maintained in a BMP-high/
WNT-low environment (Telo). Activation of stem
cells in the HG requires combined BMP inhibition
and WNT upregulation (AnaI). This leads to the
emergence of the TAC pool, which expresses
SHH, and stimulates bulge HFSCs to self-renew
and sustain ORS growth. SHH also stimulates DP
to elevate BMP inhibitors and promote TAC
expansion. In AnaIIIa, BMP signaling remains
relatively low in the lower matrix, which commits to
form GATA3+ Shh+IRS-TACs; we posit that SHH
signaling in this pocket preferentially affects the
adjacent (lower) DP, resulting in higher BMP
signaling in the upper-matrix-specifying ID+ HS-
TACs. Terminally differentiating IRS upregulates
BMP signaling; the differentiating cortex is in a
complex milieu of DP, IRS, and melanocytes,
where they receive reduced BMP and elevated
WNT signaling. In the differentiating medulla, there
are no signs of WNT or BMP signaling, indicating
that the two pathways are not always inversely
coupled. However, the failure of this lineage to
form in the absence of BMPR1A is consistent with
a role for BMP signaling in forming their TACs.
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with an ApoTome.2 (Carl Zeiss) slider that reduces the light scatter in the
fluorescent samples, using a Plan-Apochromat 203/0.8 objective, controlled
by Zen software (Carl Zeiss).
Statistics
Data were analyzed and statistics performed (unpaired two-tailed Student’s
t test or ANOVA) in Prism5 (GraphPad). Significant differences between two
groups were noted with asterisks.
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